INTRODUCTION
Ablation of the entorhinal cortex results in a deafferentation of the hippocampus ipsilateral to the lesion. Over a period of about two weeks, the axons remaining within the hippocampus begin to branch and replace the degenerating axons in a process called reactive sprouting. While an almost complete description of the cellular events during this remodeling and plasticity is becoming available 5, little work has been done on the molecular mechanisms that underlie these effects. Among the molecules that might play a role during this process are gangliosides. These sialo-glycosphingolipids, which are among the most abundant lipids in the central nervous system 21, are localized in the outer leaf of the lipid bilayer of the plasma membrane exposing to the external environment their negatively charged polysaccharide chains 6°.
One of the most intriguing facets of gangliosides is the pronounced changes they undergo, both qualitatively and quantitatively, during the course of neuronal development, growth and differentiation in vivo 14 '19'20'30'44' 45,53,54,56,63 as well as in neuronal cell culture 6'8'9'37'61 '62. The functional involvement of gangliosides in development was reinforced by the discovery in our laboratory that exogenously administered gangliosides increase survival and induce differentiation in the neuroblastoma cell line B10431. Many other workers have corroborated this participation of gangliosides in differentiation processes using a variety of cultured cells 3'7'1°'22 '27'42'51. Further evidence that also points to a possible role of gangliosides during development comes from studies of GM1 gangliosidosis. In this disease an excessive accumulation of gangliosides leads to the formation of meganeurites which show dendrite-like processes, growth cones, and spines 39. Thus an abnormal increase in endogenous gangliosides produces a neuronal growth phenomenon.
One of the most common approaches to study ganglioside function is administration of exogenous gangliosides in vivo 28. Using this strategy, gangliosides were clearly demonstrated to promote repair processes after different kinds of lesions t'4'36. Such treatment has repeatedly been shown to improve behavioral performance after brain damage 11'17'38'4°'41'4~'47. These several lines of evidence support the proposal that gangliosides may play a functional role during reactive sprouting and remodeling plasticity.
A necessary first step in the investigation of the possible role of these molecules in compensatory axonal Correspondence: W. Seifert, Department of Neurobiology, Max-Planck Institut ffir Biophysikalische Chemie, Am Fassberg, 3400 Goettingen, F.R.G. growth will be the characterization of the total content as well as distribution of individual gangliosides in a brain region during the period in which the axonal, synaptic and dendritic remodeling is occurring. In the present paper we investigated changes in ganglioside content and pattern occurring in the hippocampus following entorhinal lesion in an attempt to correlate these changes with specific morphogenetic events.
MATERIALS AND METHODS

Surgery and tissue preparation
Young adult albino male rats (Wistar strain, from a colony housed in our Institute) weighing 220-280 g were used in this study. Unilateral lesions were made under ether anesthesia in a stereotaxic apparatus. The skull overlaying the transverse sinus was removed. The electrode was inserted into the right side of the brain at 3 points (with a lateral distance of 1 mm between points) and 1 mA of current was applied for 45 s to a total of 9 different positions in order to eliminate both the lateral and the medial part of the entorhinal cortex 24. The animals were kept for 1 to 30 days after surgery, then decapitated and the brains were rapidly removed. At this time the lesioned areas were inspected visually to determine whether the lesions were sufficiently complete and comparable to each other. Two animals were used exclusively for histological analysis. In these animals horizontal Nissl-stained sections through the entorhinal cortex were analyzed (Fig. 1) .
If the entorhinal lesion was judged to be adequate, the ipsilateral and contralateral hippocampus was isolated and cut into slices of 500 /~m thickness on a Mcllwain tissue chopper. Two hippocampal subregions were dissected from each slice under a binocular microscope: dentate gyrus (area dentata, AD) and pyramidal areas CA1-CA3 (CA).
Survival times after entorhinal lesion were chosen taking into account the morphological studies done by others 5'26'49"55.
Lipid extraction
Tissue samples (8-20 mg of protein) of the hippocampus of lesioned animals or unoperated controls were transferred to Eppendorf tubes and 360/~1 of distilled water was added. Samples were sonicated at room temperature for 30 s and aliquots for protein estimation were taken. Pilot experiments proved that sonication of these samples rendered the same tissue disruption as using glass homogenizer. Ganglioside extraction and purification were performed according to the procedure described by Svennerholm and Fredman 59, which employs tissue extraction in chloroform:methanol:water (4:8:3) followed by partitioning of the gangliosides into the aqueous phase. Gangliosides extracted by this method were clarified by centrifugation in order to remove particulate matter. Total sialic acid content of the samples was measured using a scaled-down variation of the method of Svennerholm 57. Protein was determined by the Lowry method 25. Protein content does not change in the whole dentate gyrus following entorhinal lesion 32.
Analysis of ganglioside pattern
Aliquots of 5-10 pg ganglioside sialic acid were dried under nitrogen, resuspended in chloroform:methanol (2:1) and spotted as 5-7 mm bands on high performance thin layer chromatography plates (HPTLC) (Merck, Darmstadt, ER.G.). A mixture of authentic gangliosides (Sigma, St. Louis, MO, U.S.A.) was spotted as reference. Plates were developed in chloroform:methanol:0.25% aqueous calcium chloride (55:45:10) in a chromatography tank at room temperature for 1 h. After that the plates were air-dried, sprayed with resorcinol reagent 57, covered with a glass plate and heated to 90 °C for 15 min to visualize individual bands. Ganglioside patterns were quantified by densitometry using a Shimadzu CS-930 dual wavelength TLC scanner. A technical consideration has to be 85 mentioned. Using HPTLC as the method to study ganglioside patterns, we observed that the calculated relative concentration of gangliosides varied to a great deal when densitometric evaluation was done on different plates. The reason for this is probably the virtual impossibility to exactly reproduce the application to the HPTLC plate of the spraying reagent. To cope with this problem, the densitometric measurement of the resorcinol-positive compounds of all samples of a particular time after lesion, i.e. ipsilateral as well as contralateral samples of both, AD and CA, was done on the same plate and compared with the unoperated control region also on the same plate. This procedure enabled us to estimate the relative distribution of all major gangliosides and calculate the changes with respect to control with great reproducibility. The Mann-Whitney U-test and sign test were used for statistic analysis.
The ganglioside nomenclature of Svennerholm 58 is used throughout this paper.
Injection of [3H]glucosamine
Animals which had survived entorhinal lesions for 1-30 days as well as unoperated controls were ether-anesthetized, placed in a stereotaxic frame and intraventricularly injected with 5/~1 (1/~1/2 min) buffered saline containing 500 Ci of D-[1,6-3H]glucosamine hydrochloride (42.5 Ci/mmol, New England Nuclear, Boston, MA, U.S.A.) using a Hamilton syringe. The needle was withdrawn from the animal 10 min after the injection was complete. The animals were left to survive for 24 h and then decapitated. Ipsilateral as well as contralateral hippocampus and the cerebellum were immediately removed from the brains, frozen in liquid nitrogen and stored at -80 °C until further processing. The hippocampus was cut into slices as described above and sonicated in 500/zl water, lyophilized to remove the radioactive water and resuspended in 360/zl water and sonicated for 1 min. The samples were dialyzed for 24 h using benzoylated dialysis tubing (Sigma, St. Louis, MO, U.S.A.) which has a molecular cut-off of approximately 2000 Da. After dialysis, gangliosides were isolated from these samples as described above.
Cerebellum (80-100 mg wet weight) was homogenized with 5 ml of water in a glass homogenizer and lyophilized. Ganglioside extraction and purification was achieved as before but increasing the proportion of solvents takes the tissue amount into account. Total gangliosides were separated by HPTLC, and the bands were visualized by iodine vapor in order to leave the ganglioside intact. Identification of ganglioside bands was achieved by comparison of their chromatographic mobilities with standards. All the gangliosides were then scraped off the plates and placed into scintillation vials. 1 ml of water:methanol (1:1) was added and the vials were sonicated to solubilize the gangliosides. After adding 15 ml of Aquasol (New England Nuclear, Boston, MA, U.S.A.) the vials were vortexed for 1 min and the radioactivity determined in a Packard 2000 CA liquid scintillation counter. The counting condition was rigorously tested for being valid for samples containing silica gel.
In two plates radioactive spots were localized using 3H-Ultrofilm (LKB, Bromma, Sweden) to visualize all the radioactive products obtained in the ganglioside fraction.
RESULTS
Direct analysis of gangliosides in lesioned animals
The lesions of the present study included all of the medial and lateral subdivisions of the entorhinal cortex, part of the parasubiculum and the presubiculum ( innervation and extensively denervated the outer twothirds of the dendritic tree of the dentate granule cells.
To define the nature of any changes in ganglioside concentration and relative distribution following lesion, the hippocampus was dissected into two areas: the AD and the rest of the hippocampus comprising pyramidal cells from CA. This procedure was chosen since AD is the principal area of entorhinal input into the hippocampus and therefore this area was expected to exhibit the most pronounced changes following lesion. In unoperated animals no conspicuous differences in ganglioside content were noted for the two hippocampal areas studied when right and left hippocampus were compared (15 + 1.4 in AD area vs 14 + 1.3 in CA area nmol NeuAc/mg of protein). However, examination of the distribution of individual gangliosides in AD and CA in unoperated animals provided an unexpected result: interesting regional differences were observed between these areas. In all the cases AD contained more GDla (28.5 + 3%) with respect to CA. The opposite was observed for GQlb (48.2 _+ 3%), GTlb (18.5 _+ 2%) and GDlb (10.5 + 2%), while the distribution of GM1 was the same in the two areas ( Fig. 2A,B) . Fig. 3 illustrates the concentration of gangliosides in the hippocampal areas studied following entorhinal lesion. As can be seen, total ganglioside content decays 3 days postlesion (dpl) in the AD region ipsilateral to the lesion and after that began to increase reaching a maximum at 12 dpl. By 30 dpl the total ganglioside content had returned to control value. The concentration of gangliosides in the CA ipsilateral also showed a decline and a slight increase at 5 dpl.
Looking at the contralateral hippocampus (Fig. 3B ) changes were not as pronounced as in its ipsilateral counterpart, although at 3 dpl a decrease in AD region was found and there was a tendency in CA region to remain in values above the unoperated control in later 40 time. From all the measurements the ratio AD/CA was calculated for the ipsilateral and contralateral hippocampus. This ratio gives an indication of the preponderance of changes in either the AD or CA area. Fig. 3C shows the decline in the AD/CA ratio at 1 and 3 dpl and the dramatic increase at 8 and 12 dpl in the hippocampus ipsilateral to the lesion. A moderate decline was observed in all the periods studied in the contralateral hippocampus. From both areas of ipsilateral as well as contralateral hippocampus, taken at different times postlesion, the distribution of individual gangliosides was studied. As can be seen in Fig. 4 , the most striking changes were found for GM1 and GQlb. At all the time points studied after lesion, GM1 showed around 20% increase in CA ipsilateral to the lesion. In AD, GM1 increased 20% and 25% at 5 dpl ipsilateral and contralateral, respectively. GDla showed a decline at 1 and 30 dpl and a slight increase at 5 dpl in CA ipsilateral to the lesion. A pronounced decline in GQlb was observed in AD ipsilateral to the lesion and remained below the control value for all the period studied, also a decline was observed in AD contralateral to the lesion at 30 dpl. In CA a pronounced decline was found for GQlb in the ipsilateral hippocampus at 30 dpl.
Analysis of gangliosides in lesioned animals after precursor administration of radioactive precursor
In order to obtain more information about ganglioside changes following entorhinal lesion, we studied ganglioside biosynthesis in the deafferented hippocampal regions by intraventricular administration of [3H]glucosamine. Unfortunately, a high variation in the total content of radioactive gangliosides of the two areas analyzed was found among different animals, presumably because of differences in the spreading of the injected labelled precursor. Therefore, we were not able to estimate total ganglioside biosynthesis of the two regions separately. However, when the data of the ganglioside biosynthesis from AD and CA were pooled, and expressed as the total radioactive ganglioside from hippocampus ipsilateral or contralateral to the lesion, reproducible values were obtained. Furthermore, although there was some variation in the total amount of biosynthetically labelled gangliosides, the relative percentages of individual gangliosides, when the two areas were studied separately, were found to be comparable among different animals. Fig. 5 shows the dramatic increase in the total ganglioside biosynthesis at 5 and 8 dpl in the hippocampus ipsilateral to the lesion. The changes in the contralateral hippocampus were not as pronounced as those ipsilateral; however, as can be seen in Fig. 5 , the incorporation of radioactivity was always 3-5 times less in contralateral as compared to ipsilateral hippocampus, also in the unoperated animals. This indicates that the diffusion of the radioactive precursor was not the same for both hippocampi, when the precursor was injected in one of the brain ventricles. Analysis of the distribution of individual radioactive gangliosides is illustrated in Fig. 6 . As can be seen the most important changes were observed in GM1 ipsilateral and contralateral to the lesion in both, AD and CA. Biosynthesis of GM1 increased 60% at 3 dpl in AD ipsilateral to the lesion. A pronounced increase was also seen at 5, 8, 12 and 30 dpl in AD contralateral. A pronounced decrease in CA contralateral was observed at 1 dpl and a significant increase at 30 dpl in CA area contralateral and ipsilateral. A decline of GDla at 1 dpl followed by an increase at 3 dpl was observed in CA. The same increase was observed for GTlb in CA at 1 and 3 dpl. At 5 and 8 dpl a decrease for GDlb in AD was found.
In these experiments we could not reliably measure a possible change in GQlb due to the proximity of its HPTLC band to GTlb, which is 5-8 times more concentrated. Thus it was impossible to avoid some contamination of the scraped-off GQlb band by GTlb, making accurate quantification difficult.
As a control, changes in gangliosides in the cerebellum are shown in Fig. 6 for comparison. Cerebellum, being a region of the brain that does not participate in sprouting after entorhinal lesion, did not show any changes in the ganglioside pattern.
DISCUSSION
The present observation indicates that postlesion afferent reorganization of the hippocampus of adult rats leads to important modifications in endogenous ganglioside content and distribution. The analysis of the time course of the increased content of gangliosides shows that this change parallels the time course 5 of axonal proliferation and sprouting.
Prior to the evaluation of these results it is interesting to analyze in unoperated control animals the different profiles of ganglioside distribution of the two hippocampal areas studied. In all these cases a higher percentage of GDla in AD as compared to CA was found, whereas GQlb, GTlb and GDlb were higher in CA.
This differential distribution of ganglioside may reflect the cellular composition of the two areas studied, pyramidal neurons as compared to the granular neurons of the AD. Alternatively it may reflect differences in the number of synapses, type of neuronal membrane, or kind of neurotransmitter used by the neurons of these areas. For example, there is a minor ganglioside, Chol 1, which seems to be specific for cholinergic terminals (unpublished observation). Similar differences between hippocampal regions were found both in adult rat and during development 16. Evidence for some association between specific gangliosides and discrete neuronal cell types in the mouse cerebellum has also been reported 52.
In lesioned animals, there was a temporal correlation between the increase in the biosynthesis of gangliosides as studied by radioactive precursor injection and the total 'cold' ganglioside content (Figs. 3-6 ). The drop observed in the earlier days postlesion may reflect the loss of synapses 14, not only in the AD ipsilateral to the lesion but also in the contralateral region where nearly 20% of the synapses are lost after entorhinal lesion 15. When we analyzed the individual ganglioside profile we found that the biosynthesis of GM1 preceded the observed increase in total GM1. However, this correlation was not found for the other gangliosides. Perhaps the most likely interpretation is that one particular ganglioside is made in one region and transported to the other TM. Also, other structures which are participating in the remodeling process, e.g. the septum, could send gangliosides to the terminals localized in the lesioned area and thus contribute to the changes observed. The observed increase in GM1 biosynthesis on the contralateral side at 30 dpl is difficult to understand, but might reflect a compensatory reaction of the contralateral side, as was reported by Hoff et al. 15 .
In studies of cellular correlates of postlesion growth, 3 potential cellular participants must be considered: (1) the sprouting presynaptic neuron, (2) the postsynaptic neuron being reinnervated, and (3) the glial cells. Though glia cell proliferation and migration occurs early after lesion (1-4 dpl) 13'43, this process appears to be waning by the time of the onset of neuronal growth and the observed increase in the ganglioside content at 8-12 dpl. Even more, at the time of maximum glial proliferation, i.e. 1-4 dpl, a decline in the content of ganglioside was found (Fig. 3) .
Another candidate for the ganglioside changes observed are the astrocyte cells. Recently Gage et al. lz reported that following perforant path lesion, which produces similar denervation to electrocoagulation of the entorhinal cortex, resulted in an increase in glial fibrillary acidic protein immunoreactivity in the outer molecular layer of the dentate gyrus. This increase is produced at 8 days postlesion and remained until day 30. However, if we consider the total gyrus dentate area, as in our case, no changes in the number of astrocytes can be observed 12. Thus it is reasonable to assume that the changes in ganglioside content reported in this study cannot be attributed to the increased number of astrocyte cells. On the other hand, ganglioside content and distribution in astrocyte cells is a controversial problem. Recently it has been reported 2 that astrocytes had a similar ganglioside pattern and a considerable ganglioside content (2.79 #g NeuAc/mg protein) to neurons isolated from the same source. However in this report it was also found that purified astrocytes had no fl-GalNacT-1, a key transferase enzyme in the synthesis of ganglio-series gangliosides. This may indicate that gangliosides in astrocyte cells can be derived from a contamination of isolated astrocytes by neuronal processes during the fraction preparation or, as the authors propose, astrocyte gangliosides may be transferred from neurons to astrocytes. Also astrocytes in cell culture exhibit mainly GM3 ganglioside and not the others, and no changes in ganglioside pattern were observed when comparing flat with stellate astrocytes, the latter resembling astrocytes in reactive gliosis 29.
Although these reasons do not totally eliminate glial cells as candidates for ganglioside changes, the above considerations seem to indicate that they are not responsible for the changes found. Despite the fact that we analyzed the ganglioside content and distribution in the very 'crude' dissected hippocampus and not in a particular axonal system, we think that the changes observed were primarily related to events in sprouting neurons and/or axons, since our results exhibit an excellent temporal correlation between ganglioside changes and proliferation of new axonal fibers as reported in the literature 5,15,26,33,49,55. Similarly, there is a good correlation with the known increase in neurotrophic factors in the hippocampal region after the same type of lesion 34'35. Gangliosides have been postulated to be related with neurotrophic activities 1°'22'23'31'5°. However, the observation that gangliosides do not possess intrinsic trophic activity, but can enhance the capacity of neurons to respond to other neurotrophic activities 23, suggests that their most probable participation in regeneration phenomena is perhaps by facilitating or modulating cellular responses to neurotrophic substances. However, the mechanisms underlying this role of gangliosides is currently obscure.
In any case, the period between 8 and 12 dpl, which represents a time of active lesion-induced synaptogenesis in the surviving afferent system (see refs. above), shows the most dramatic increase in ganglioside content observed in this study. These results are consistent with in vivo labelling studies showing that axonal transport of radiolabelled gangliosides undergoes a dramatic increase during regeneration of goldfish optic axon 48.
It is tempting to suggest that synthesis of certain membrane components is selectively enhanced in order to provide the optimum conditions for proliferating afferent fibers, and/or for lesioned postsynaptic neurons to accept the new synaptic connections.
